Abstract. RecQL1 in the human RecQ DNA helicase family participates in DNA repair and recombination pathways in cell cycle replication. Immunohistochemical analysis of human hepatocellular carcinoma (HCC) tissues showed that RecQL1 expression is strongly correlated with histological grade and MIB-1 indices of HCC, and that the expression was greater in simple HCCs inducing extranodular growth or portal vein invasion than in HCCs not inducing extranodular growth or portal vein invasion. These histological data reveal the potential of RecQL1 as a biological marker predicting the malignancy and progression of liver cancer. High expression profiles were also produced by various HCC cells, including HCC cell lines established by us. When RecQL1 expression was silenced by siRNA in vitro, most HCC cells died of mitotic catastrophe. In a mouse orthotopic xenograft model of liver cancer with transplanted human HCC, RecQL1-siRNA mixed with cationic liposomes exhibited a strong anticancer effect that prevented the growth of the cancer. RecQL1-siRNA inhibited the growth of human HCC in the mouse liver, confirming that RecQL1 is an excellent molecular agent against liver cancer and suggests that RecQL1-siRNA formulated with liver-prone liposomes has excellent potential as a therapeutic drug against liver cancers.
Introduction
Human hepatocelullar carcinoma (HCC) is one of the most common tumors worldwide. The prognosis of HCC patients remains poor, and thus identifying useful therapeutic targets and prognostic markers are urgently required, although a dominant pathway has not been found responsible for the development of HCC (1) . Liver-specific neoplasms arise under various physiological backgrounds and from virus infection that results in many types of cellular chromosome aberrations, gene mutations, epigenetic alterations and altered signaling pathways. Studies have shown that alterations of cell cycle regulators occur in HCC (2), particularly in structural or functional modifications in genes such as TP53, Rb1, P16/ INK4a and P21/WAF1, participating in the DNA damage response system (3) (4) (5) (6) (7) (8) (9) (10) .
The RecQL1 (also known as RecQL or RecQ1) helicase, a member of the RecQ DNA helicase family participating in genomic stability, is expressed highly in proliferating cells. Functionally, down-regulation of RecQL1 in HeLa cells by RNA interference increases sister chromatid exchanges (11) . RecQL1-deficient mice produced by gene targeting are indistinguishable from wild-type mice except that embryonic fibroblasts from RecQL1-deficient mice are sensitive to ionizing radiation (12) . These findings collectively indicate that the RecQL1 helicase suppresses chromosomal instability by participating in DNA repair during the cell cycle, but its function seems to be nonessential, since no human disease is known to be related to its gene mutation. Previously, we found that cancer cells were extremely sensitive to RecQL1 silencing by RNA interference with small interfering RNA (siRNA) and that cell growth was severely inhibited, as if these cancer cells were addicted to highly expressed RecQL1. Yet, noncancerous cells and all normal cells tested were unaffected by RecQL1-specific RNA interference (13, 14) . This unique event was idenitfied as mitotic catastrophe during mitosis of the cell cycle in checkpoint system-deficient cancer cells due to accumulation of DNA damage caused by the absence of the RecQL1 helicase (14) . To use this cancer cell-specific killing mechanism for the clinical benefit of anticancer chemotherapy, preliminary trials using model mice inoculated with various human cancer cells have been carried out (15) .
In the present study, we focused our study on RecQL1 in hepatic cancers. First, we investigated the expression level of RecQL1 protein in clinically obtained HCCs (~40 cases) to ascertain whether the expression level of the RecQL1 helicase is directly related to differentiation of HCC cells, malignancy of cancer cells and patient prognosis. Second, by using several HCC cell lines which included three HCC cell lines established in our laboratory (16) (17) (18) (19) (20) , we studied the effect of RecQL1 silencing on cell proliferation in vitro. Third, we set up a mouse orthotopic hepatoma model with human HCC cells, and the anticancer efficacy of the RecQL1-siRNA/ cationic liposome complex was examined in vivo to assess whether RNA interference therapy is able to be used in the management of hepatic cancers. The results are discussed considering the possible use of RecQL1 expression as a developmental marker of hepatic cancer and of RecQL1-siRNA as an anti-hepatic cancer drug.
Materials and methods
Pathological analysis of the expression of the RecQL1 helicase in human HCCs. Immunohistochemical examination of the RecQL1 helicase was performed by using paraffin sections of HCC and non-HCC tissues obtained with written consent from 40 HCC patients who were surgically resected between 1994 and 1996 at Kurume University Hospital, Japan. The anti-RecQL1 antibody Q1N3, which was generated by us and was confirmed to be specific for the N-terminal domain of RecQL1 helicase (amino acid residues 1-338) and the SignalAmplification System II (code K1497, Dako, Ely, UK) were used. The patients had no chemotherapeutic treatment before surgery. Four tissues were from hepatic B virus carriers, 27 tissues were from hepatic C virus carriers and 1 tissue was from a patient infected with both hepatic B and C viruses. HCC tissue samples consisted of 4 well to moderately differentiated HCCs, 28 moderately differentiated HCCs, 7 moderately to poorly differentiated HCCs, and 1 poorly differentiated HCC. The proliferation activity of HCC cells was monitored using Ki-67 expression as an MIB-1 index. For the evaluation standard of RecQL1, we used RecQL1-positive bile duct epithelium in the same specimen (positive internal control). The specimen was evaluated as low expression (+) when it was stained as intensively as the positive internal control, as high expression (++) when the staining was more intensive, and as negative (-) when it was not stained at all. We examined the relationship between RecQL1 expression and the clinicopathological features of the HCC cases, such as histological grade, MIB-1 index, tumor size, portal vein invasion and intrahepatic metastasis. Pathological features were evaluated according to the classification of the Liver Cancer Study Group of Japan. Statistical analyses were carried out for each clinicopathological characteristic among the (-), (+) and (++) groups.
The relationships between RecQL1 expression and histological grades, and between RecQL1 expression and the MIB-1 index were examined by using the JonckheereTerpstra test. The relationships between RecQL1 expression and recurrence or survival rate were evaluated by using the Fisher's exact P-test or by using the log-rank test, respectively. The relationships between RecQL1 expression and other clinicopathological features were examined by using the Kruskal-Wallis test.
Cells and cell culture conditions. HCC cell lines (HepG2, Hep3B, Huh7, SK-HEP-1, Li-7, HAK-1A, HAK-1B, KIM-1, KYN-1, KYN-2 and KYN-3) and normal cell lines ARPE19 (a normal spontaneously arising retinal pigmented epithelium cell line) and TIG-3 (normal lung diploid fibroblasts from human fetuses) were used. HepG2, Hep3B, SK-HEP-1, ARPE19 were obtained from ATCC (Manassas, VA, USA). Huh7 and Li-7 were obtained from Riken Cell Bank (Tsukuba, Japan). TIG-3 was obtained from the Japan Health Sciences Foundation (Osaka, Japan). The remaining six HCC cell lines were originally established by us from surgically resected HCC nodules at Kurume University, Japan. KIM-1 (16) and KYN-1 (17) were established from moderately differentiated HCC nodules, KYN-2 was established from moderately to poorly differentiated HCC nodules (18) and KYN-3 was established from peritoneal effusion of HCC patients with moderately to poorly differentiated HCC (19) . HAK-1A and HAK-1B were established from a single HCC nodule showing a three-layered structure with a different histological grade in each layer (20) . These cell lines were previously confirmed to retain the morphological and functional characteristics of the original tumor.
The cells were grown in Dulbeco's modified Eagle's or RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan) and were incubated at 37˚C in a humidified chamber supplemented with 5% CO 2 . Some cells were treated with genotoxic agent doxorubicin (Adriamycin; Sigma, St. Louis, MO, USA) at the concentration 0.25 μM for 24 h at 37˚C.
siRNA and RNA interference. siRNAs (21 bp) targeting RecQL1 mRNA (RecQL1-siRNA) and negative control siRNA (NS-siRNA) were chemically synthesized (Nippon EGT, Toyama, Japan). All siRNA sequences had an overhanging 3'-dTdT at the 3' terminus (14) . Sequence-specific gene silencing was confirmed by using cDNA microarray analysis with the Affymetrix GeneChip system (Human Genome U133 Plus 2.0 Array). For transfection at 24 h after plating, the cells were incubated with 40 nM siRNA duplex for 8 h in the presence of RNAiMax (Invitrogen, Carlsbad, CA, USA) and were cultured in fresh medium.
Reverse transcriptase-PCR. After transfection, total RNA was extracted from cultured cells by using an RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. Reverse transcriptase-PCR analyses were carried out by using the ABI PRISM 7000 Sequence Detection System with TaqMan probes and primers (ABI, Foster, CA, USA). The ß-actin gene was used as the internal standard (TaqMan probe ID; 431088E; ABI). RecQL1 silencing was monitored by using a specific primer set (Hs00262956_m1). Expression of genes P16/INK4a (CDKN2A), Hs00233365_m1; P21/WAF1 (CDKN1A), Hs00355782_m1; P27/KIP1 (CDKN1B), Hs00153277_m1; TP53; Hs00153340_m1; and Rb1, Hs01078066_m (ABI) were also determined and were used as references.
Cell proliferation assays. Cell proliferation was measured by using colorimetric assays based on the cleavage of tetrazolium salt WST-8 (Nacalai Tesque). The absorbance of the formazan dye formed was measured at 450 nm at 3 h after adding the reagent.
Flow cytometric analysis. Trypsin-treated cells were washed with phosphate-buffered saline (PBS) and were fixed in ice-cold methanol for 2 h. The cells were treated with pancreatic RNase A (Nippon Gene, Toyama, Japan) and stained with propidium iodide (Sigma) for 30 min. The cells were then analyzed by using flow cytometry. Fluorescence was measured by using Epics XL (Beckman Coulter K.K., Tokyo, Japan). For each sample, 10,000 events were analyzed.
Immunoblotting. The protein levels of RecQL1 and other proteins participating in the cellular DNA damage repair system were monitored by using immunoblot analysis. The cells were washed with ice-cold PBS, were pelleted and then were lysed in a sodium dodecyl sulfate (SDS) buffer containing 1% SDS, 2% ß-mercaptoethanol, 20% glycerol, 30 mM Tris-HCl (pH 6.8) and 0.2 M dithiothreitol. The cell lysate was boiled for 10 min and then was electrophoresed on 5-20% gradient SDS-polyacrylamide gels. Proteins fractionated on the gels were electrophoretically transferred to polyvinylidene difluoride membranes (Immobilon, Millipore, MA, USA) and were blocked overnight with 5% skimmed milk in PBS. The membranes were then incubated with either anti-RecQL1 monoclonal antibody Q1N3 or anti-ß-actin monoclonal antibody (ICN Biomedicals, Aurora, OH, USA) for 60 min at room temperature. Antibodies detecting TP53 (DO-1), P21/WAF1 (Ab-1), PCNA and Rb1 proteins were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), Oncogene (San Diego, CA, USA), Abcam Limited (Cambridge, UK) and Cell Signaling Technology (Danvers, MA, USA), respectively, and were used to detect the proteins important in oncology. The membranes were washed with 0.05% Tween-20 in PBS, incubated with anti-mouse IgG conjugated with horseradish peroxidase (DakoCytomation, Carpinteria, CA, USA) and washed. They were subsequently developed using an enhanced chemiluminescence reagent (ECL Plus, Amersham Biosciences, UK).
Orthotopic implantation in mice. Mice (BALB/c nu +/+ ) purchased from Charles River Japan, Inc. (Yokohama, Japan) were maintained in a pathogen-free environment. They received humane care in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
The orthotopic hepatoma model of mice was designed according to the method of Lu et al (21) . Briefly, KYN-2 cells (2.0x10 6 ) were harvested from subconfluent cultures and were suspended in serum-free medium containing 50% Matrigel (BD Bioscience, Bedford, MA, USA). The cells were slowly injected into the mouse liver through the diaphragmatic surface by using a 28-gauge needle. The skin was then closed with an absorbable suture and sterile surgical clips. On day 7 after the cell injections, mice with established intrahepatic tumors were randomized into three groups (each group n=10-11) and received therapeutic treatments of the siRNA/cationic liposome complex from day 7.
Intravenous injection of the RecQL1-siRNA/LIC-101 complex. The RecQL1-siRNA/LIC-101 complex was prepared by Nippon Shinyaku Co., Ltd. (Kyoto, Japan) as previously described (22) . The RecQL1-siRNA/LIC-101 complex (2 mg siRNA/kg mouse body weight, equivalent to ~50 μg siRNA/mouse) in 100 μl of 10% (w/v) maltose solution, was injected intravenously once on days 7, 9, 11, 14, 16, 18, 21, 23, 25, 28, 30 and 32, a total of 12 injections. The anticancer effects were evaluated on day 35. The average liver weights were analyzed by using the Dunnett's test.
Results

RecQL1 expression in various HCCs and the relationship to clinicopathological MIB-1 features of HCC.
RecQL1 was expressed to various degrees in most HCC nodules (82.5% of the 40 HCC specimens) (Fig. 1A and B) . RecQL1 expression was high around the peripheral area of the HCC nodules in some cases. Tumor thrombi in the portal vein showed relatively strong RecQL1 expression. In non-cancerous areas, the RecQL1 expression was also observed in infiltrating lymphocytes, endothelial cells and hepatocytes to various degrees ( Fig. 1C and D) . The degree of RecQL1 expression was evaluated as negative (-) in 7 (3 well to moderately differentiated, 4 moderately differentiated; 17.5%), low expression (+) in 15 (1 well to moderately differentiated, 13 moderately differentiated, 1 moderately to poorly differentiated; 37.5%), and high expression (++) in 18 (11 moderately differentiated, 6 moderately to poorly differentiated, 1 poorly differentiated; 45.0%) HCC cases (Table I ). Upon analysis of the relationship between RecQL1 expression and clinicopathological features (Table I, Fig. 2 ), we found that RecQL1 expression was: i) significantly correlated with histological grade and MIB-1 indices of the HCCs; ii) significantly higher in the simple nodular type HCC cases (with extranodular growth) than in the HCCs without extranodular growth; iii) significantly higher in the HCC cases with portal vein invasion than in the HCCs without portal vein invasion; and iv) higher in the HCC nodules of diameter ≥2.0 cm than in the HCC nodules of diameter <2.0 cm. RecQL1 expression and other clinicopathological features, such as prognosis, including recurrence and survival time of patients, showed no apparent relationship.
RecQL1 helicase expression levels in various HCC cell lines.
RecQL1 expression in various HCC cell lines was investigated. As controls, normal cells ARPE19 and TIG-3 were similarly characterized. Most HCC cells expressed a greater amount of RecQL1 helicase protein than the normal cells (Fig. 3A) . RecQL1 expression was exceptionally high in the Li-7, SK-HEP-1, HAK-1A, HAK-1B, KYN-2 and KYN-3 HCC cell lines.
To understand the expression of other genes participating in DNA repair and the cell cycle, HCC cells were treated with genotoxic agent doxorubicin and the induced proteins were characterized (Fig. 3A) . TP53, which is a DNA damage sensor, was not expressed in Hep3B, Li-7, KIM-1 and KYN-2 cells in the absence of doxorubicin, nor after doxorubicin treatment [TP53 vs. TP53 (Dox)] (Fig. 3A) . In the KYN-1 cells, TP53 expression remained high, even in the absence of doxorubicin, suggesting that the TP53 gene mutates to an inactive form and so may not be able to contribute to genomic stability. The TP53 gene mutates in HCC cells KYN-1, KYN-3, HAK-1A and HAK-1B (20) and it mutates in SK-HEP-1 and Huh7 cells, but induction of the TP53 expression after DNA damage seems to be unaffected (23) . In the present study, TP53 gene expression appeared normal in HepG2 cells, as the TP53 expression was induced highly by doxo-rubicin treatment. In the normal cells, APRE19 and TIG-3, TP53 expression increased in response to DNA damage caused by the doxorubicin treatment.
Next, we investigated P21/WAF1 gene expression and its response to DNA damage by doxorubicin. The P21/WAF1 gene was expressed poorly in most HCC cells, except HepG2 and SK-HEP-1 cells, but it was highly expressed in ARPE19 and TIG-3 normal cells, indicating that P21/WAF1 may be a candidate HCC-specific tumor marker. P21/WAF1 is induced in cells containing wild-type TP53 when the cells are exposed to DNA damaging agents, but not in cells containing the mutant TP53. These data indicate that most of the HCC cell lines that we investigated contained an incomplete DNA repair system that otherwise should be activated by the TP53-P21/WAF1-mediated DNA damage signaling pathway. Also, Rb1 was not expressed in Hep3B cells. It should be emphasized that TP53, P21/WAF1 and Rb1 were expressed efficaciously in normal cells in response to DNA damage by doxorubicin (Fig. 3A) , while they were not in most, if not all, HCC cell lines.
mRNA expression levels of TP53, Rb1, P16/INK4a and P21/WAF1 were compared among the various HCC cell lines by using reverse transcriptase-PCR analysis. TP53 was poorly expressed in Hep3B, Li-7, KIM-1 and KYN-2 cells, Rb1 was not expressed well in Hep3B cells, and the P16/ INK4a gene was not expressed in Li-7 and SK-HEP-1 cells. Again, the P21/WAF1 mRNA expression was low in most, if not all, HCC cell lines and was consistent with the results from the Western blot analysis (Fig. 3A and B) . The data clearly indicate that the G1/S checkpoint system was defective in these proliferating HCC cells, consistent with previous studies (2-10).
Induction of mitotic catastrophe in HCC cell lines by
RecQL1 silencing. We investigated the effect of RecQL1 silencing in these HCC cell lines that lacked an intact DNA damage sensor and checkpoint system but replicated actively. To our surprise, RecQL1-siRNA killed a wide range of proliferating HCC cell lines efficaciously after it induced mitotic catastrophe. Fig. 4A shows the typical features of mitotic catastrophe observed in the KYN-3 cells. The KYN-3 cells clearly began to die as RecQL1 was silenced by siRNA treatment (Fig. 4C) , resulting in accumulation of cells arrested at the M phase.
To define this cell-killing effect by RecQL1 silencing, time course experiments were performed with several HCC cell lines of various genetic backgrounds. The cells were incubated once with 40 nM siRNA and were cultured in siRNA-free medium for several days. HCC cell lines, such as SK-HEP-1, KYN-2 and KYN-3, began to die after a lag-time of about 48 h (Fig. 4B) . In contrast, the growth of normal ARPE19 and TIG-3 cells that rapidly proliferated similar to HCC cell lines was almost unaffected despite RecQL1 gene silencing by RecQL1-siRNA (Fig. 4B) . A slight retardation (10-15%) of growth was noted in these normal cell lines when compared with the non-silencing siRNA-treated cells.
Flow cytometric cell analysis showed a large peak correlated with the subG1 fraction representing debris associated with cell death in all RecQL1-siRNA-treated HCC cells. Some RecQL1-siRNA-treated HCC cells underwent unequal cell division after the arrested M phase, resulting in giant cells that could not divide and that looked like senesced cells (data not shown). This suggested that RecQL1-siRNAtreated HCC cells entered the M phase with no regulation and then developed mitotic catastrophe or aberrant cell division. In contrast, the normal cells, ARPE19 and TIG-3, showed no mitotic catastrophe because of premature arrest and repair at both the G1 and G2 phases. Non-silencing siRNA treatment under the same conditions did not affect the cell cycle progression of HCC and normal cells, indicating that cancer cell-specific mitotic catastrophe is dependent on RecQL1 silencing. Also, cancer cell-specific mitotic catastrophe is clearly dependent on replication of cells and genetic defects in HCC cells, such as the absence of P21/ WAF1 expression.
Effect of systemic administration of the RecQL1-siRNA/ LIC-101 complex in the KYN-2 orthotopic xenograft model in mice.
We investigated the therapeutic efficacy of RecQL1- Table I . RecQL1 expression and clinicopathological features in HCC. Non-cancerous tissue Chronic hepatitis 3 9 13 Liver cirrhosis 4 -
siRNA against KYN-2 cells in an orthotopic hepatoma model by using cationic liposome LIC-101 that carries siRNA to the cytosol of liver cells (22) . In the in vivo experiments, the RecQL1-siRNA/LIC-101 complex was administered to mice which had formed KYN-2 nodules. Fig. 5A shows the KYN-2 tumors formed in the livers, and the results of therapeutic treatment with systemic injection of the RecQL1-siRNA/ LIC-101 complex. KYN-2 tumors grew to a large volume in control mice that were injected with 10% maltose solution (Fig. 5B) . KYN-2 tumors grew extensively in the liver of mice injected with the non-silencing siRNA/LIC-101 complex (Fig. 5C) . However, only a few KYN-2 tumors appeared in the liver of mice treated with the RecQL1-siRNA/LIC-101 complex (Fig. 5D ), indicating that RecQL1-siRNA effectively prevented the growth of KYN-2 tumors in the orthotopic hepatoma model. A clear statistical difference (p<0.05) in liver weight was observed between mice injected with 10% maltose or the non-silencing siRNA/LIC-101 complex and mice injected with the RecQL1-siRNA/LIC-101 complex (Fig. 5B) . 
A B Discussion
Increased expression of RecQL1 in undifferentiated human HCC cells. The RecQL1 helicase has long been known to participate in DNA repair reactions, but little is known about its relation to human disease and the clinical outcome of therapy. Li et al (24) previously showed that single nucleotide polymorphisms of RecQL1 have a marked influence on the clinical response to therapy using genotoxic drugs and radiation, and to the overall survival of patients with pancreatic cancer. In this study, we investigated RecQL1 expression in clinical specimens of HCC and found that RecQL1 expression was significantly correlated with histological grade and MIB-1 indices of HCC development. RecQL1 expression and the MIB-1 index had a close relationship, suggesting that RecQL1 participates in cell proliferation, and, importantly, the RecQL1 expression profile resembled that of the wellknown tumor marker PCNA of previous studies (25, 26) . These data verify that RecQL1 expression may be a reliable tumor marker, similar to PCNA, representing the progression and malignancy of cancers.
Incomplete regulation of the cell cycle in human HCC cells. HCC cells have a divergent and incomplete cell cycle regulation system that is perhaps compensated by a high expression of DNA repair enzymes to guarantee rapid and competent proliferation of cells (Fig. 3) . In most of the HCC cell lines, expression of TP53 and P21/WAF1, which responds to DNA damage signaling and regulates cell cycle progression by inhibiting the cyclin-CDK complex, respectively, was severely reduced. This reduction also causes the inability of Rb1/E2F to reduce the transcription of genes promoting the cell cycle, resulting in the inability of G1/S arrest during cell cycle progression (27) . Conceivably, C the absence of P21/WAF1 expression prevented the G1/S cell cycle stop due to lack of Rb1/E2F transcription initiation. These cell cycle defects found so far in many types of cancer cells exist in HCC, as shown in this study. Even in SK-HEP-1 cells in which the expression of P21/WAF1 appeared to be normal, P16/INK4a which is required to stop cell cycling, was not expressed (Fig. 3B) . Here, the promoter inactivation by DNA methylation might have caused the absence or diminution of P16/INK4a expression as previously reported for various types of cancer cells (5, 6) .
Cancer cell-specific mitotic catastrophe induced by RecQL1 silencing. RecQL1 helicase is highly up-regulated in rapidly proliferating cancer cells and in other transformed cells (28) , suggesting that the RecQL1 helicase is needed for genomic stability in rapidly proliferating cells. In this study, we showed that RecQL1-siRNA killed various HCC cell lines by inducing mitotic catastrophe. However, the normal cell lines, TIG-3 fibroblastic cells and APRE19 epithelial cells (Fig. 4) , as well as the WI38 and HUVEC cells were all tolerant to RecQL1 silencing. By contrast, checkpoint-defective cancer cells were sensitive because they failed to stop the cell cycle in order to correct the DNA damage caused by the absence of RecQL1. Notably, P21/WAF1, which is generally induced by TP53 and is important for cell cycle arrest, decreased in many of the HCC cells. Retrovirus integration into host chromosomes and computational simulations have shown that a single double-strand DNA break formed during replication is sufficient to kill cells deficient in DNA repair (29) . In cancer cells, mitotic catastrophe due to DNA damage is most probably avoided by highly up-regulated repair enzymes such as RecQL1 that coordinate well with DNA replication to repair DNA damage. HCC cell death caused by silencing the RecQL1 helicase is thus consistent with the findings of Daniel et al (29) .
Anticancer activity of RecQL1-siRNA in vivo in an orthotopic model of HCC xenograft in mice. The in vitro experiment showed that specific cancer cell death can be achieved efficiently by RecQL1 silencing (Fig. 5) . RecQL1-siRNA mixed with liver-prone LIC-101 liposomes showed excellent anti-hepatic cancer activity in a mouse orthotopic hepatoma model (Fig. 5 ). This anticancer activity was dependent on several cell conditions related to each other as special features of cancer cells: i) high expression of the RecQL1 helicase, ii) active replication of cells, and iii) an impaired checkpoint function that permits cells with DNA damage to enter the M phase. Normal hepatic cells do not have these features and thus they do not show mitotic catastrophe caused by RecQL1 silencing. We propose the systemic administration of the RecQL1-siRNA/LIC-101 complex as an effective therapeutic system against hepatic cancer due to the expected absence of patient drug-associated adverse effects.
